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ABSTRACT 
The main focus of this research is to develop a schema based validation model for 
Geometric dimensioning and Tolerancing (GD&T). The ASME standard Yl4.5 defines a set 
rule for GD&T to specify permissible variation in manufacturing. The new approach 
proposed investigates and classifies syntactic errors in a GD&T specification. The essential 
idea is to convert the ASME standards into grammar rules and use these rules in the form of a 
schema to validate any GD&T specification. The research also incorporates a datum 
evaluator based on grammar rules to check for ambiguities in datum referencing for any 3D 
CAD model. 
The proposed system has been verified using a series of experiments based on Monte 
Carlo simulation and multi stage random sampling. 
CHAPTER 1. INTRODUCTION AND BACKGROUND 
1.1 Introduction to the Context 
Even with recent technological developments in manufacturing and assembly 
processes, parts produced under normal conditions vary in dimensions, form, material 
properties, and performance. Mechanisms for accommodating and controlling this variability 
are used throughout the entire production system. Tolerances are the primary variation-
control specification defined during the design phase. Historically, the study of tolerance 
specification was linked to the importance of mass production with an emphasis on 
interchangeability. Various manufacturing engineering activities like process selection; 
process control and inspections must consider the set of tolerance requirements in a design 
specification. 
Tolerances define the acceptable range of deviation from a nominal value. The 
representations of such tolerances are based on standards and procedures (ASME 1994) that 
have evolved with years of design practice and engineering experience. Two primary types of 
tolerances are used in industry, namely, dimension and geometric tolerances. 
Dimension tolerances, also referred to as parametric, size or conventional tolerances are 
applied to a dimension and permit a small deviation of the dimension. In the early days, the 
most important dimension tolerance was the size of a feature. The central concept is simple, 
namely, use the nominal values in a design and specify allowable variations (usually with 
upper and lower limits or by statistical means using stack up conditions for assemblies). 
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These tolerances had the following inherent problems, which were later addressed by 
geometric tolerances. 
1. Surfaces generated by manufacturing processes were assumed to be perfect 
geometries. 
2. A method of measuring deviations for a finished part is not specified. Using reference 
surfaces, which are not specified in conventional tolerances, typically does this. 
3. Conventional position tolerancing X±t/2, Y ±t/2 leads to a rectangular tolerance zone 
for positioning the center of a hole. In many applications, it is preferred to have a 
cylindrical or spherical tolerance zone. 
4. Conventional tolerances do not specify form tolerances - that is, variations in features 
such as cylindrical surfaces, planar surfaces, straightness of lines etc. 
Geometric tolerancing (geometric dimensioning and tolerancing, or GD&T) is based on 
three central principles (Voelcker, 1997). 
1. Conformance to a geometric tolerance requires that a surface feature, or an attribute 
of a feature (e.g. the axis of a hole), lie within a prescribed spatial zone. 
2. A geometric tolerance usually controls one specified property of a feature, such as 
form (flatness, cylindricity) or position. 
3. Some containment zones (e.g. form) can be positioned freely in space, whereas others 
(e.g. position) are in fixed locations using reference features called datums. 
Geometric tolerances need not be used for every feature of a part. They are used when 
additional constraints are necessary for the final geometry. Concepts such as, datum 
reference frames, datum targets, projected tolerance zones and feature control frames have 
been introduced to facilitate the precise interpretation of geometric tolerancing. 
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1.2 Problem Description 
Tolerance representation models are considerably less developed than product models. 
GD&T descriptions are treated as annotations to a product model. Researchers are trying to 
solve issues related to portability of GD&T data among different solid modeling systems but 
there is a need to address a more basic problem with tolerance representation. Most solid 
modelers do not check for the validity of the tolerance allocated by the user. They simply 
assume that the user is experienced enough not to make mistakes. 
A computational model for tolerance validation must satisfy three basic requirements: 
(1) check for completeness of specification, (2) check for compatibility of reference frames 
and (3) check for compatibility with other tolerance specifications in the part design as well 
as assembly. To satisfy these validation requirements, one must consider structure (i.e. , 
syntax) and meaning (i.e., semantics). Syntax refers to the order or system of arrangement of 
the elements of the grammar for GD&T specifications while semantics refers to the exact 
meaning of a tolerance representation. 
Rules of syntax must be consistent with the ASME Y14.5 standard and engineering 
practices. Geometric data must also be analyzed to validate datum features (reference 
frames) as specified in AMSE Y14.5 1994 and check for correct formation of a datum 
reference frame at a semantic level. Finally, the relationships of multiple GD&T 
specifications in the same part model must be considered at a semantic level, looking for 
possible conflicts, over-defining of tolerance for a feature. 
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1.3 Motivation for Research 
During a design process, designers (or reviewers of a design) must determine whether a 
tolerance specification is consistent with standards. Checks for conformance are not used in 
current solid modeling systems. Correctness and consistency in designs are determined in an 
adhoc manner based on the experience and knowledge of a designer. Figure 1.1 shows a 
simple part modeled in SolidWorks 2004 SP03.l with GD&T specifications for flatness of 
the top surface and positional, perpendicularity and circularity tolerance for the cylindrical 
hole. 
B C 
Figure 1.1 Sample part with incorrect GD&T specifications 
The absence of the symbol for diameter (0) in the datum reference frame specifying 
positional tolerance is obvious to those familiar with GD&T. The modeling system 
overlooked this syntactic error and allowed this description. Another error lies in the 
tolerance allocation for the part in Figure 1.1 but may not be apparent at first glance. The 
designer has assigned the left face of the object as datum C and right face as datum B and 
used these two datums to reference the positional tolerance of the hole. This datum selection 
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violates the standards given in ASME Y14.5.1M-1994, as both faces are parallel to each 
other. These types of errors can be propagated through the product development process and 
cause rework and time delays. Also availability of a tolerance validation mechanism with the 
solid modeler can work as an advisory system for a designer. 
1.4 Significance of the Problem 
The results of this research could be used in solid modeling systems to automatically 
check for validity of GD&T descriptions during the design phase. This will ensure reduced 
lead times for the product development process, less iteration, and fewer design changes 
owing to incorrect tolerance specification. Also, the automated process of validation 
supports a more thorough design review. In the current situation, unresolved GD&T 
problems increase the number and frequency of design change notices and potentially 
introduce flaws that persist through the whole product development process. 
1.5 Research Objectives 
The research objectives are based on the following hypothesis and its derived inference: 
Hypothesis: Given a set of Tolerance specification T, the syntactic and semantic validity 
can be directly classified using a set of standards, G for Geometric Dimensioning and 
Tolerancing. 
Inference: If we can measure the syntax validity in terms of number of non-conforming 
specifications then we can assess the performance of the validator. 
In order to accomplish the research goals, the following objectives will be realized: 
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1. Establishing an Extended Backus Naur Form (EBNF) for GD&T syntax for human 
readability and subsequent conversion to xml format. 
2. Developing a prototype for syntax validation using xml schema generated above. 
3. Developing a graph based data model for checking consistencies in datum selection. 
For assessing the performance of the system simulation based experiments will be 
performed. A random generator for GD&T specification will be created which will use the 
above-mentioned framework to test for accuracy using several sample sizes. Also Type I and 
Type II error will be examined for verifying the simulation results. The results (fraction of 
non-conforming specifications) from the experiments should be correlated to the expected 
probability for errors. 
1.6 Organization of Thesis 
The rest of the thesis 1s organized as follows. Chapter 2 presents a survey of 
significant related work and highlights some of the improvements in tolerance validation in 
recent years. Chapter 3 describes some of the key design issues with the problem and lays 
out its structure and elements. Chapter 4 gives a detailed overview of the methods employed 
to achieve the objective. Chapter 5 discusses the experiments performed of the proposed 
computational model. Chapter 6 summarizes the significant contributions and their 
implications and a direction for future research. The lexicons for GD&T grammar, EBNF 
syntax for GD&T, xml schemas are presented in the appendices. 
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CHAPTER 2. LITERATURE REVIEW 
The key component of a typical CAD system is a geometric modeler, usually a solid 
modeler, which provides a mathematically accurate representation of physical objects (Shah 
and Miller 1990). With the focus shifting towards Computer Integrated Manufacturing (CIM) 
in the early 1990s, the need to clearly represent design attributes like surface roughness, 
dimension tolerances, geometric tolerances, datum reference frames, and material properties 
within the solid modeler became apparent. These attributes are necessary for subsequent 
manufacturing engineering activities. The following literature survey traces the history of 
geometric tolerance representation. Related research in this area can be categorized as 
tolerance analysis versus representation, attribute oriented models, graph oriented models, 
and control oriented models. 
2.1 Tolerance Analysis Versus Representation 
Tolerance analysis determines if tolerance specifications for individual parts are 
consistent with design specifications for an assembly. Lee and Woo (1990) proposed a basic 
scheme of tolerance analysis and synthesis based on stackup conditions and worst-case 
scenario analysis. Much of the tolerance analysis research focuses on procedures for 
dimension or size tolerance (Chase and Greenwood 1988). Tolerance representations can be 
classified as lexical, computational and mathematical. Lexical or representational schemes 
are basically attribute-oriented models, which use data structures to store tolerance 
information. Computational models use a graph theory approach for storing feature and 
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tolerance information. More recent computational models use a control-based approach to 
present a common representation of both size and geometric tolerances. Mathematical 
models use techniques like variational geometry (Requicha 1983, 1993), differential matrix 
(Park and Lee 1997), algebraic interpretation (Inui et al 1993) and kinematic mechanisms to 
describe geometric tolerances. 
2.2 Attribute Oriented Models 
Shah and Miller (1990) introduced an object-oriented data model (OODM) using class 
structure for GD&T representation. The tolerance modeler is one element of a product 
definition system. The system includes a geometric model (nominal shape and dimension 
and topology), a feature model (form feature definition, relations and geometric constraints), 
and a material model (material property and lay-up). Validity checking ignores syntax 
assuming user has complete knowledge of standards. Types of checks include entity 
relationships like orthogonality and tolerance limiting values. Jacobson et al (1990) 
proposed an object-oriented system, which is intended to be unambiguous and 'similar' to 
ASME Yl4.5 standard. The actual representation of tolerances is not described. 
Guilford and Turner (1993) developed a set of primitive attributes for tolerance objects 
and introduced the concept of a "virtual geometry" to define any geometric element that does 
not exist in the solid model but can be derived from available information. A datum plane is 
an example of a virtual geometry. The idea is similar to the STEP1 concept of 'geometric 
derivation.' The issues of validating tolerances already present in a solid model and datum 
validation were not addressed. A more general approach for representational models is given 
1 STandard for Exchange for Product model data: International standard for graphics data exchange. 
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by Roy and Fang (1996). It eliminates the dependency of the tolerance representation 
scheme on the type of solid modeler. Using an OODM, it adopts a "lower-level entity 
retrieval" to retrieve surfaces, edges and vertex from either feature based CSG2 models or 
parametric B-Rep3 models. This work emphasized integrating the tolerance scheme with a 
solid modeler rather than on validation procedures. 
With stabilization of CAD software architectures, the focus on GD&T representation 
shifted from simple attribute models to graph and control based models. Considered to be 
primarily documentation methods, attribute models still find use in computational models 
and have been used recently to develop a global GD&T representation model (Wu et al 
2003). 
2.3 Graph Oriented Models 
Graph-based models use a B-Rep approach to store tolerance information as attributes 
to either the nodes or the arcs representing features and geometric relations respectively in a 
B-Rep system. Kulkarni and Pantle (1996) proposed a tree structure (a special form of a 
graph) using syntactic pattern recognition techniques to represent 3D part features. The 
concept of "generated dimensions" was introduced to establish links between solid model 
entities. These generated dimensions solid model entities are controlled by tolerance 
specifications. Validity of a tolerance is checked by the feasibility of representing a new 
generated dimension on the feature controlled by the tolerance. Datum information is stored 
separately and the research did not discuss validation of a datum reference frame. Moroni 
2 Constructive Solid Geometry 
3 Boundary Representation 
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and Requicha (1996) presented an application-programming interface, which combined three 
different methods of tolerance representations. They attempted to model the variational 
geometry (proposed by Requicha, 1983) with a tree structure using a concept of a V-Graph (a 
three level tree having separate hierarchy for datums, features and nominal features). 
Attribute lists were included in each node of the graph. Primarily a tolerance modeler, the 
method lacks validation rules for tolerances. 
2.4 Control Based Models 
The control-based models are based on the mathematical kinematics approach of 
Degree of Freedoms (DOFs) used predominantly in robotics. Proponents of the DOF 
approach to GD&T representation assert that the variation in shape, size and location of a 
geometric entity is governed by its degrees of freedom. If one thinks of geometric entities as 
rigid bodies, the spatial displacement can be resolved into six kinematic DOFs; three for 
translational degree of freedom along the X, Y, Z axes of the coordinate system and three 
rotational around the X, Y, Z axes of the coordinate system. The GD&T classes control the 
DOFs of each geometric entity. Two major problems restrict the use of this type of model. 
One is the difficulty of quantifying the corresponding relation between a controlled DOF and 
a tolerance value. The other problem is the need for coordinate transformation when features 
are combined because the DOF for each feature is described relative to its local coordinate 
system. An enhanced graph-based technique (incremental GD&T graph) was developed to 
represent geometric relationships between entities (Kandikjian et al 2001). Algorithms were 
developed for validating dimensioning procedures and clustering the graph for representing 
individual tolerances specified in a CAD system. 
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With problems arising from local coordinates the trend shifted towards global models 
resulting in a framework for a global GD&T modeler based on the DOF approach (Wu et al, 
2002). The GD&T global model is a directed, attribute-constrained graph, which combines 
the representation and the DOF. The idea of DOFs is used to provide a way to understand the 
relationship between entities and the extent of control on the geometry. Instead of classifying 
tolerances in the standard six classes as per the ASME Y14.5. l standards, four logical classes 
of size, form, orientation and location are used. A commercial solid modeler was used in 
conjunction with methods for dimension and tolerance validation. Validation of tolerance 
specifications included individual tolerances and tolerance specifications on the same target 
with respect to different datums. Methods for validating the syntax of the GD&T 
specification were not addressed. Subsequent work included modules for automatic 
tolerance allocation and a GD&T advisor (Wu et al, 2002). 
2.5 Other significant works 
Much of the work discussed up to this point focused on the notion of a tolerance 
modeler working in conjunction with a solid modeler. Implementation was the primary 
concern and validation of syntax was not considered. One of the principle problems with 
such systems is their dependency on the solid modeler. The system proposed by Moroni and 
Requicha separates the tolerance application interface from the data extraction interface of 
the solid modeler. Tsai et al (1998) embedded tolerance information in the international 
standard for product modeling STEP, eliminating the software dependency for tolerance 
representation and enabling complete information exchange. They discussed a network-
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based algorithm for traversing the STEP flat file for validating the GD&T information both 
syntactically and semantically. 
Voelcker (2002) presents a brief overview of some of the syntax and semantics issues 
related to geometric tolerancing. This research was motivated by discussions and 
deliberations of the ASME Yl 4.5 committee. The need to eliminate ambiguities related to 
datum reference frame (DRF) and geometric relations between individual datums in the 
reference frame was discussed. The proposed process involves checking the syntax of a DRF 
and embedding the explicit constraint information for the datum as semantics within a DRF. 
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CHAPTER 3. PROBLEM FORMULATION 
The primary objective of this research is to investigate the syntactic and semantic errors 
in Geometric Design and Tolerance (GD&T) specifications. A schema-based system has 
been devised to detect syntax errors in a GD&T specification and semantic errors for datum 
validation. Central to this system is the grammar for GD&T, which has been derived from 
the ASME Yl4.5 standards. Furthermore, the system should be able to verify sample test 
cases generated on a random basis and provide scope for future enhancements. 
3.1 Symbols and Definitions 
Use of symbols in defining geometric tolerances has been standardized to provide 
uniform meaning. Geometric tolerances are divided in five types, namely, form, orientation, 
location, profile, runout (ASME Y14.5M and ISO 1101). These tolerance types are used to 
control different aspects of geometry. Before describing them, we introduce the concepts of 
feature, element and tolerance zone. 
Feature: A feature is a geometric representation (e.g., point, edge, centerline, or a plane or 
curved surface). 
Element: A geometric element (e.g. a curve) is contained in a surface. For example, straight-
line elements exist in a plane. 
Tolerance Zone: An area or volume representing the total allowable deviation m a 
dimension or in geometric form or in a position of a feature or element. 
Geometric Characteristic Symbol: A symbol representing one of the fourteen tolerance 
classes defined in ASME Y14.5M (see Appendix A). 
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3.1.1 Datum Definition and Specification 
Datum Feature: A datum feature is an actual feature of a part, which is used to establish a 
datum. It includes all the inaccuracies and irregularities of a part feature. 
Datum: A datum is a geometric abstraction of a specified datum feature (e.g., a line or a 
plane). 
Datum Reference Frame: Three mutually orthogonal datum planes are used to construct a 
reference frame. 
Datum feature symbol: Letters (beginning with A) are used to identify the datum feature(s) 
on a part model. 
Datum Indication: The left to right order of the datum reference letters signifies Datum 
precedence. Two datum letters separated by a dash indicates a common datum (that is, an 
axis or a center plane) is established between the two datum features. 
3.1.2 Material Condition Symbols and Other Modifiers 
Material condition is defined as the actual feature size when it is manufactured. It is 
used in tolerances to allow additional tolerance based on the actual feature sizes. Maximum 
material condition (MMC) occurs when a size feature contains the most material. Least 
material condition (LMC) refers to a feature that contains the minimum amount of material. 
When material condition is not considered (the default) the tolerance is defined (RPS). In 
this case the tolerance specified applies no matter how large or small the manufactured size 
of a feature. 
There are other modifiers used exclusively for enhancing the tolerance value, which are 
given in Appendix A. 
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3.1.3 Feature Control Frame 
A geometric tolerance for an individual feature is specified by means of a feature 
control frame divided into compartments containing a geometric characteristic symbol 
followed by the tolerance. Where applicable the tolerance is modified by a material symbol 
and referenced by a datum. A generic feature control frame, which can be considered as the 
superset of most tolerance representations, is shown in Figure 3 .1. 
0 o.os@@ A@ B c 
Tertiary Datum 
Secondry Datum 
Material Modifier for Datum 
Primary Datum 
Other Modifier for Tolerance Value 
Material Modifier for Tolerance Value 
Stated Tolerance Value 
Diameter Symbol (cylindrical tolerance zone) 
Geometric Characteristic Symbol 
Figure 3.1 Sample feature control frame 
A special type of feature control frame is a composite tolerance used for positional and 
profile variations. It is typically used for hole-patterns in a part. A composite positional 
tolerance is restricts the location of feature patterns as well as the interrelation (position) of 
features within these patterns. For positional tolerances when it is desired to invoke basic 
dimensions along with datum references, two single-segment feature control frames are used. 
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However, for our purpose of detecting syntactic errors we can safely consider each of these 
two single-segments as individual feature control frames. A composite profile tolerance 
provides a composite tolerance for location, form, and orientation. Figure 3.2 shows 
examples of these special cases. 
• 
f/> 0.809 A B cl 
(/> 02sw A B 
-$- f/> 0.80Q9) A B C 
-47 I/> 0.25 A B 
(a) (c) 
0.80 A B cl 
0 0 .20 A B 
(b) 
Figure 3.2 Composite and two single-segment feature control frames 
3.2 Assumptions 
The scope of the research is limited by the following assumptions: 
1. The syntax of any GD&T in a model is independent of any other annotation in the 
model including position of a datum and dimensional tolerances. We do not address 
intra- and inter-design issues with respect to GD&T allocation. 
2. The validity conditions for a datum in a GD&T feature control frame as described in 
ASME Y14.5.1M- 1994 are correct. 
3. Semantics for datum validation is independent of the feature on which GD&T is 
applied. 
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3.3 Standards and Grammar 
The ASME Y14.5M - 1994 standard establishes uniform practices for stating and 
interpreting dimensioning, tolerancing, and related requirements used m engmeermg 
drawings and related documents. A grammar is a mathematical system for defining a 
language. It provides a structure for relating language elements. Hence in order to correctly 
represent tolerancing we can define its representational grammar and devise a method for 
validating it against its grammatical rules. Any grammar is defined by its lexicons and a 
predefined syntax. 
3.4 Lexicons, Syntax and Semantics 
A lexicon is a list of possible words in the vocabulary of a natural language. In other 
words, lexicons are the building blocks for any language. Syntax is defined as a connected or 
orderly system used to arrange parts or elements. Semantics is the meaning or relationship of 
meanings of the elements or set of elements. 
Both syntax and semantics are related to the grammar of a language, which in tum is 
facilitated by a lexicon. For the GD&T example given in Figure 3.3 the symbols for 
positional tolerance, diameter, material condition, datum and the tolerance value are based on 
a lexicon. 
0.005 @I L I A I B [~] 
WITH RESPECT TO 
Figure 3.3 Grammar for a feature control frame 
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The sequence of the symbols in the feature control frame must conform to the 
engineering standards (i.e., syntax for the GD&T expression). To describe a feature control 
frame in natural language, one could use the connecting phrases shown in Figure 3.3 . This 
example would be described, as the position of the feature axis must be within a 0.005 
tolerance zone at MMC WRT datum features A, Band C. 
Syntax errors are not the same as semantic errors. Figure 3.4 shows three different 
forms of straightness tolerance applied to a sample part. 
A (/) 0 .4Q20 
(a) 
- 0.03 Q:0l 
(b) 
r-jo.o4jAI 
(c) 
Figure 3 .4 Straightness tolerances on a hypothetical part 
The syntax for straightness tolerance allows a material condition modifier as well as a 
diameter symbol with the tolerance value so both (a) and (b) are correct syntactically. Since 
the tolerance zone cannot be cylindrical for a flat surface (as in (a)) there is a semantic error. 
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The tolerance (b) is correct semantically as it uses a maximum material condition on a 
feature of size. The third GD&T specification in the figure is syntactically wrong, as there 
cannot be a datum reference frame with a straightness tolerance. 
The scope of this research has been limited to investigate syntactic and semantic errors 
related to the grammar of GD&T and the relationships between datum in a feature control 
frame. We do not make an attempt to resolve the rules of GD&T allocation with respect to 
the attributes or orientation of the features on which the tolerance is implied. 
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CHAPTER4.METHODOLOGY 
Ramaswamy et al (2001) discussed the ASME Y14.5 conformance rules as well as best 
practices rules, which can be incorporated in an expert or advisor system for tolerance 
allocation in solid modelers. We have defined governing rules for the GD&T grammar from 
the ASME Y14.5 standard, but the method used is capable of handling any number of 
subsequent rules. This chapter gives detailed description of the methods employed to achieve 
the objectives. The chapter is divided into four sections. Section one describes the Extended 
Backus Naur Form (EBNF), which has been used to describe the grammar of GD&T from 
the standards. This is followed by the grammar used for syntax representation and validation. 
Section three describes the datum representation for feature control frames that have a valid 
GD&T syntax. Finally, the last section explains the implementation of the whole validation 
system with details of tools used. 
4.1 Backus Naur Form for GD&T standards 
As mentioned in the last chapter it is possible to define a representational grammar for 
GD&T standards. Grammars are classified according to the complexity of the structure they 
describe. The class of context free grammars (CFG) is the most common one use to describe 
the syntax of languages. In this class, the categories for tokens are more important than 
individual tokens. In addition, contents like white spaces and the actual text of identifiers do 
not affect the syntax of the grammar and are not dependent on it. Once the formal grammar 
for any language is known it can be completely defined. This is extremely useful because a 
syntax description in ordinary prose is much more verbose, causing potential ambiguities. 
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Since formal grammars are mathematical representations, they can be easily transformed to a 
computer understandable script. 
The Backus-Naur Form (BNF) (also known as Backus normal form) is a metasyntax 
used to express context-free grammars. It provides a formal way to describe formal 
languages. BNF is widely used as a notation for the grammars of computer programming 
languages, command sets and communication protocols. It can also be used as a notation for 
representing parts of natural language grammars. There are many variants and extensions of 
BNF, possibly containing some or all of the regular expression wild cards such as"*" or"+". 
The Extended Backus-Naur form (EBNF) provides flexibility to the BNF notation with 
additional constructs. 
4.1.1 EBNF notation 
The EBNF notation uses a series of rules called production rules or derivative rules. 
Reserved words and recognized symbol categories in the grammar represent "terminals." A 
rule is represented with a "nonterminal," which is a structure name delimited by angle 
brackets. Each nonterminal is further defined using a series of one or more rules. Table 4.1 
defines the EBNF notations. 
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Table 4.1 EBNF notations 
Symbol Meaning 
::= is defined as 
I OR 
<> Angle brackets used to surround category names. 
[] Optional items 
* Sequence of zero or more of an item 
+ One or more of an item 
~ Exclusion of a terminal item in a string 
As an example, consider the EBNF for a US postal address4 as shown in Figure 4.1 
which can be translated to english as : "A postal-address consists of a name-part, followed by 
a street-address part, followed by a zip-code part. A personal-part consists of either a first 
name or an initial followed by a dot. A name-part consists of either: a personal-part followed 
by a last name followed by an optional "jr-part" (Jr., Sr., or dynastic number) and end-of-line, 
or a personal part followed by a name part (this rule illustrates the use of recursion in EBNFs, 
covering the case of people who use multiple first and middle names and/or initials). A street 
address consists of an optional apartment specifier, followed by a street number, followed by 
a street name. A zip-part consists of a town-name, followed by a comma, followed by a state 
code, followed by a ZIP-code followed by an end-of-line (EOL)." 
4 Adapted from Wikipedia, the free encyclopedia www.wikipedia.org 
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<postal-address> ::= <name-part> <street-address> <zip-part> 
<personal-part>::= <first-name> I <initial> "." 
<name-part> ::= <personal-part> <last-name> [<jr-part>] <EOL> I 
<personal-part> <name-part> 
<street-address>::= [<apt>] <house-num> <street-name> <EOL> 
<zip-part>::= <town-name> "," <state-code> <ZIP-code> <EOL> 
Figure 4.1 EBNF for US postal address 
For the purpose of framing the grammar for GD&T, we have defined a set of lexicons 
which are used as terminal strings in production rules. This list can be found in Appendix A. 
4.2 Syntax representation 
A feature control frame (FCF) used to describe a geometric tolerance consists of a 
tolerance symbol, tolerance information, and a datum reference frame (if applicable). The 
symbol should be one of the 14 defined in the GD&T lexicon set (see Appendix A). 
Tolerance information consists of the tolerance value preceded by a symbol for diameter 
modifier (applicable only for cylindrical tolerance zones) and followed by a tolerance 
modifier symbol (if applicable) and a material condition (if applicable). Likewise, a datum 
reference frame is an ordered sequence of one or more datums, each with its optional 
material condition. A hypothetical feature control frame that follows these syntactical rules is 
shown in Figure 3 .1. The sequence of entities in a feature control frame describe the 
precedence of symbols and values in a feature control frame and will be used to define the 
production rules for the EBNF notation. Figure 4.2 represents a generic notation that covers 
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all forms of feature control frames for the fourteen tolerance classes. Individual tolerance 
grammar is a subset of the one represented here (see Appendix B for a detailed listing). 
<Feature-control-frame> : :=<Symbol> <Tolerance-info> [<Datum-reference>] 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
[<Other-modifier>] 
<Datum-reference> : := <Datum> [ <Material-condition-basis> ] I 
<Datum> "-" <Datum> I <Datum-reference> 
<Symbol> ::= "ST"l "FL"l "CI"l "CY"l "PL"l "PS"l "AN"l "PR"l "PP"J "PO"l "CO" 
I "SY"I "CR"I "TR" 
<Datum>::= "A" I "B" I . .. ...... . J "AA"l "AB"J .... .. - "I" I "O"l "Q" 
<Material-condition-basis> ::= "MM" J "LM" I "RF" 
<Diameter-modifier> ::= "DI" J "SD" J "R" J "SR" I "CR" 
<Value> ::= S {x Ix€ +R} 
<Other-modifier> : := "PZ" I "FS" I "TP" I "ST" 
Figure 4.2 Generic EBNF notations for tolerances 
The production rule for feature control frame follows the description above and has 
three non-terminal expressions, which are further broken down into production rules until 
terminal expressions are reached. Though most production rules are self-explanatory the 
datum rules need additional explanation. Here a "datum reference" is defined as a "datum" 
followed by an option "Material-condition-basis" or two "datum" with a hyphen (-) m 
between or another "datum-reference." The second expression 1s defined typically to 
accommodate certain cases of profile tolerances, which use two or more coplanar surfaces to 
specify the datums. Using the category "datum-reference" in its own definition in a recursive 
manner allows for more than one datum in a datum reference frame. The same rule can be 
described using "+" for specifying that a datum reference frame can have one or more datum 
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specifications. The "datum" expression itself ends in terminal strings (alphabetical listing 
with exclusion of I, 0, Q). The "value" corresponds to the tolerance value, which can be any 
positive real number. 
This syntax does not incorporate information on the feature associated with the feature 
control frame, consistent with the assumptions stated in chapter 3. For composite tolerances, 
a '+' in the first production chain that defines a feature control frame or recursively using a 
combination of tolerance value and datum reference category in the definition of a feature 
control frame can be used. However, there are some limitations to this technique. The most 
noteworthy is the absence of an operator for controlling the number of occurrence of a 
category. For example, as per standards the number of datums in a datum reference frame 
should be limited to a maximum of three. These limitations have been overcome when the 
EBNF representations are transformed into an XML schema, which is used in the validation 
method and is discussed later in this chapter. 
Validation procedures for GD&T syntax involve usmg this grammar to check 
individual tolerance information extracted from a solid modeler. 
4.3 Datum Representation and Semantics 
The representation of geomteric tolerances is partly based on the datum scheme. A 
datum reference frame (DRF) forms a part of the feature control frame for tolerances of 
position, orientation, runout and sometimes profile. A DRF consists of a sequence of datums 
(primary, secondry and tertiary) with or without the material condition modifiers. Typically a 
datum is an abstraction of a datum feature which in turn can be a point, a line (axis or edge) 
or a plane. 
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In the following sub sections we discuss the theory behind datum specification , the 
ASME 14.5.lM - 1994 standard rules that govern the validity of a DRF, and the proposed 
concepts of datum graphs for a computational validation model. 
4.3.1 Valid Datum Refrence Frames 
The candidate datum refrence frame selected by a designer should proceed as follows 
(Briggs, 2003 and ASME 1994). A primary datum should be chosen from the candidate 
datum set associated with primary datum features which in tum governs rules for secondry 
datum selection. If a tertiary datum is needed, the choice is restricted by the preceding 
selections. The set of all possible combinations of datums for a geometric tolerance is called 
the candidate datum refrence frame set. Though any candidate DRF set might be 
syntactically correct, there are many semantics issues related to the precedence of datums. 
The datum precendence in all such combinations determines which datum constrains each 
degree of freedom (DOF) for a part. However a datum reference frame may not fully restrict 
a part in the coordinate system for locating and orienting tolerance zones. The following 
notation has been used to explain the DOFs due to a DRF and geometric relationships for 
valid DRFs: 
x, y, z : Translational distance in a cartesian coordinate system 
a,~' y : Rotational direction about x, y, z respectively 
'Yz : Angle relative to datum axis z 
R : spherical radius 
Pz : cylindrical radius 
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Typically the primary datum constrains three or more of the original six degrees of 
freedom ( 3 translational : x, y, z and 3 rotational : a, ~' y). The secondary datum constrains 
additional degrees of freedom that were not constrained by the primary datum. In some cases 
(e.g., two orthogonal axes), two datums are sufficient to fully constrain the coordinate system 
and if a tertiary datum is needed it further constrains the degrees of freedom. For a GD&T 
specification having three datums in the datum reference frame, all degrees of freedom are 
restricted and no free transformation is possible. A free transformation is the direction of 
translation or rotation in which the geometry of the DRF remains unchanged after performing 
transformations. The quantities (distance or angle) that do not change under these free 
transformations are called invariants. For example, when a plane in three dimensional space 
is rotated about itself or translated along the one edge or parallel to the other edge, there will 
have no effect on its geometry. If we assume that this plane is contained in the x,y-plane, we 
can say that the free transformations are translational ( x and y) and roational (y) and that the 
plane has 3 degrees of freedom (z, a, ~). The quantities controlled by these degree of 
freedoms (z and y z) are invariants. This scenario is shown as case #1 in Table 4.2. Now we 
can add a second geometric entity, say a line such that it lies on plane and acts as a restriction 
to the free transformations of the plane. The three possible orientations of the line with 
respect to the plane are shown in case#2-4 in Table 4.2. Since the free transformations are 
known, the feasible geometric relationship between the two datums can be easily determined. 
28 
Table 4.2 Free transformations in datum combination 
Case# Diagram Free Invariants Validity Rule 
Transformations 
1 A x,y,y z, y z -
2 /zf,,-4 
x 
y, z, a,~' Line is parallel 
,,.,- y to plane 
3 <.., 
~ Line is y Pz, z, Y z perpendicular to / 
'/ / plane 
4 
/zf// 
Line is neither 
None All parallel nor perpendicular to 
plane 
Most of the prior works in datum validation (Wu et al, 2002 and Kandikjian et al, 2001) 
use a control-based approach to determine a control plane using the DOF concept for a given 
combination of datums in a DRF. For cases when there are no free transformation axes (all 
entities are invariant) this is relatively easy but for other cases (fourteen identified in ASME 
1994) it becomes exceedingly difficult to identify the control plane. In this research we 
derive the geometric relationships between a set of datums in a DRF directly from the mutual 
orientation data (distances and angles). This approach is not affected by the existence of free 
transformation axes. Since geometric relationships are directly related to the invariants, they 
can be used to validate any datum precedence in a DRF. A total of 52 such cases are 
discussed in ASME Y14.5 -1994. We use those rules to validate a DRF. A complete list of 
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datum validation rules for all combination of points, lines, and planes is given in Appendix 
C. 
4.3.2 Distances and Angles for datum entities 
The GD&T standard describes the geometric relationship detween two datums as 
containment, coincidental, parallel, perpendicular, or intersection. These relationships can be 
determined if the distance and angle for a pair of datums is known. All entities in a DRF are 
theoretical entities and the dimensions between datum features are basic dimensions as their 
precision does not depend on the actual part faces. Distance between datums is defined as 
the shortest distance measured perpendicular to geometric entities. The angle betweeen two 
datums is measured using the normals or direction vectors of both entities. Figure 4.3 shows 
distance and angle measurement for combinations of line, plane and points. When either of 
the datums is a point, an angle is undefined. Complicated DRFs are avoided in tolerancing 
practice because of high cost of equipment required to simulate them. Most desireable are 
DRFs in which datum features are represented with implied dimensions as these can be easily 
simulated with standard measurement equipment. In some cases, additional supporting 
entities (e.g., a line between two datum points or a line through the intersection of two datum 
planes) are are needed for validation. These entities are called "datum support" in the 
discussion that follows. 
• 
' u 
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Distances 
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... ~ .. L_/ 
Angles 
Figure 4.3 Distances and angles between datum entities 
For a part modeled using solid modeling software in 3D, we can calculate the distances 
and angles between the datums in a datum reference frame. Most solid modeling systems 
provide methods for measuring the distances and angles between planes, lines and points. For 
our case we have used a set of API codes customized for each solid modeler which allows us 
to recognise the type of feature associated with each datum and the distance and angular 
relationships between any two features. The algorithms used for calculating these values are 
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provided by the software vendor within the modeller and are based on solving vector 
equations of the paramteric forms of the features. 
4.3.3 Datum Graph 
Once the distance and angle information is known, we can use a graph to store it as a 
data structure and calculate the geometric relationships. "Datum graphs" are directed acyclic, 
planar graphs (or digraphs) having a maximum graph depth of one. A separate datum graph 
is drawn for each DRF. The number of nodes and edges of this graph depend on the number 
of datums in any DRF. The nodes store the geometric information (type of feature) for the 
datum feature while the edges store the values for distance and angle between two datums. 
The direction of the edge signifies the precedence of datums in a DRF. 
In a graph G, two graph vertices are adjacent if they are joined by a graph edge. The 
data structure most commonly used to represent a graph is an adjacency matrix. The 
adjacency matrix of a simple graph is a matrix with rows and columns labeled by graph 
vertices, with a 1 or 0 corresponding to adjacent or non-adjacent. For a simple graph with no 
self-loops, the adjacency matrix must have Os on the diagonal. The adjacency matrix is 
symmetric only for an undirected graph. Figure 4.4 shows examples of planar directed graphs 
with their adjacency matrices. 
0 0 0 1 
0 0 0 1 
0 0 0 0 
0 0 1 0 
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0 0 0 1 
0 0 1 1 
1 0 0 0 
0 0 0 0 
Fig 4.4 Examples of planar directed graphs 
0 0 0 1 
1 0 1 1 
1 0 0 1 
0 0 0 0 
The set E of graph edges of a graph G ( V, E), being a set of unordered pairs of elements 
of V, constitutes a relation on V. Instead of using the binary relation, 0 for absence of an edge 
between two nodes and 1 for presence, we assign a real number to each edge (weight of the 
edge) representing the exact distance and angle data. For the case where angle measurement 
is not feasible a symbolic 'X' is used as the weight of the edge. 
Figure 4.5 represents a hypothetical case where the bottom face (DI), right face (D2), 
and vertex (D3) on an inclined face represent the primary, secondry and tertiary datums 
respectively for a particular datum reference frame. It should be noted that any analysis for 
datum validation is done only after the particular feature control frame to which the DRF 
belongs has passed a syntax test. All dimensions, geometric relations and precedence among 
datum features for a particular DRF are internal to the DRF. To reduce the complexity of the 
graph, we use two separate graphs for distances and angles. 
D3 
I 
0 ~" 
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D2 
Dl 
Figure 4.5 Datum graph for hypothetical part 
The adjacency matrices for the above graphs are given in equations ( 4.1) and ( 4.2): 
Actist = 
Aang = 
a 
DI 
D2 
D3 
D3 
~:, ] .............. . . . ........... ··· · · ..... . ... . ........ . (4.1) 
........ . ......... .. .... . .......... .. .... . ..... ... ...... . (4.2) 
Instead of using a 0 in the adjacency matrix for representing non-existent edges we simply do 
not consider those elements of the matrix. This has been done so that there is no confusion at 
the computation stage between absence of an edge and the weight of an edge being zero. This 
can be the case in Actist when two datum features intersect ( shortest distance between them is 
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zero) and in Aang when two datums are parallel (angle between them is zero).Utilizing the 
datum graph for the hypothetical case given in Figure 4.6, we can enter the values in equation 
4.I and 4.2. 
d DI D2 D3 
DI [- 0 ~] Adist = D2 D3 . . . . . .. . .. . ..... . ... . .. . ..... . ......... . ......... . ......... (4.3) 
a DI D2 D3 
DI [- 90 ~] Aang = D2 D3 .... . ... .. ....... ............. .. .... . .... .. . . . .. .... . . . . . (4.3) 
The values for distances and angles are evident from Figure 4.6. The adjacency matrices can 
be used to determine the pairwise geometric relations between datums. The geometic 
relations between a pair of datum are defined as follows : 
where i,j = {I,2,3,4} and i ~j 
and R € {intersect, parallel, perpendicular, angular, 
coincident, cointained} 
Two datums intersect when the shortest distance between them is zero. The parallel, 
perpendicular and angular relations depend on the the angle between the datum pair. The 
geometric relations of coincident and contained are feature dependent and will be referred to 
as "derived geometric relations". Two datums are coincident if and only if both are the same 
type, the shortest distance between them is zero and the angle between them is either zero (or 
180°), depending on orientation of the governing direction vectors. For a datum Di to be 
contained in datum Dj , Di should be a type of feature which needs at least one dimension 
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less than Dj for representation in a paramteric form and the datums should intersect with a 0° 
or 180° angle subtended between them. In other words a point can be contained in either line 
or a plane and a line can only be contained in a plane. Figure 4.6 shows schematic diagrams 
for derived geometric relations. 
Coincident: d = 0, a= O; 
Similar features 
r ·····/ 7 
~ .................... . ~ ··········· l ··· 
, .... . ::-................. :·:r ::: 
,.. 
Contained: d = 0, a= O; 
Dissimilar features 
~-·· 
~ ······ ··· .. ·i ····· 
/ .. ..  7( , ..................... . 
~-:~······· ·· ·+" .................... ~--
Figure 4.6 Other Geometric Relations between datums 
Refering to the notation in Table 4.2, the propositions extracted from the above matrices are : 
DI nD2 ................. (!) 
DI 1- D2 ........ .. .. .. .. (2) 
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Table 4.3 Lexicons for datum validation rules 
Symbol Description Lexicons 
== Coincidental COIN 
c Contained within CONT 
ct.. Not contained within NCO NT 
t Parallel with PARA 
.l Perpendicular to PERP 
L Angular to ANGL 
n Intersection INTS 
/\ Logical AND AND 
v Logical OR OR 
-, Logical NOT NOT 
{LI X} Line through X -
{LI X: Y} Line through X such that Y is true -
For a valid DRF consisting of two planes as primary and secondary datum and a point 
as a tertiary datum, the rule states that the primary datum should not be parallel to the 
secondary datum. This condition alone is enough to restrict the degree of freedom of a part 
irrespective of the geometric relation between other datum pairs. Using Table 4.2, this can 
be written as: 
-, (D l ! D2) 
Since this rule is statisfied by the adjacency matrices above, the datum referencing for the 
part in Figure 4.6 is semantically correct. 
In some cases it is not possible to define all validation rules based on geometric 
relations among the combinations of two or three datums only. Typical cases are when a line 
passing through a pair of points or through the intersection with a plane is needed to 
completely define the set of rules. Entities which are not stated explicitly in a DRF but are 
needed for validation purposes are called "datum supports". Cases requiring a datum support 
are listed in Appendix C. In such cases the datum graph incorporates the datum support as a 
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fourth node and the distances and angles of other datum features with respect to this datum 
support are also extracted from the solid modeller. 
Using adjacency matrices for all DRFs in a part model, we can validate them 
individually with the datum rules. Figure 4. 7 shows a part model having five feature control 
frames and the datum graphs associated with them. It is important to note that the GD&T 
specifications in Figure 4.7 are syntactically correct. 
~~-$- (/) O.o25 E A B 
~ 
B ® 
Figure 4. 7 Datum Graph cluster for datum validation 
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The datum reference frame in the lower left comer of Figure 4.7 uses three planes as datums 
(B, C, and A) for positional tolerance of the cylindrical hole. For a valid datum representation 
in this case the designer has to ascertain two things 1) B, C, A are not mutually parallel and 
2) the axis of the feature is perpendicular to at least one of the planes. However since we 
intend to validate the datums without using information about the exact toleranced feature, to 
derive the geometric relations we need to extract information about the line of intersection of 
datum B and C. The line is shown in the figure in blue and forms the datum support (the 
fourth node) for this datum graph and is connected to all other nodes so that all distance and 
angle information is calculated. The three datums along with the supporting datum restrict all 
degree of freedoms for the toleranced feature. 
4.3.4 EBNF for datum validation rules 
As discussed in previous sections we can use EBNF to denote the grammar format for 
datum semantics. The notation used here defines the production-rules for storing the 
geometric relations for datum validation. Figure 4.8 gives the EBNF for datum validation. 
<Datum-Rule> ::= + <Feature-Type> <Rule> 
<Feature-Type> : :="Point" I "Line" I "Plane" 
<Rule> ::= * (<Operator>+ <Relation>) 
<Operator> ::= "AND" I "OR" I "NOT" 
<Relation> : := 
<Datum-Symbol> 
<Datum-Symbol> 
<Datum-Symbol> ::= "DI" J "D2" J "D3" 
<Geometric-Relation> 
<Geometric-Relation> ::= "COIN" I "CONT" I "NCONT" I 
"PARA" I "PERP" I "ANGL"I "INTS" 
Figure 4.8 EBNF for Datum 
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4.4 Implementation 
The schema representations of GD&T and Datums have been partially implemented 
using Java and XML parsers. Extensible Markup Language (XML) is a simplified subset of 
the Standard Generalized Markup Language (SGML) a specification developed by the W3C. 
XML is based on a hierarchical file structure. An XML schema is a formal model (i.e., 
metadata) that defines valid structures for an XML document. While similar to EBNF, it 
provides additional operators to further constrain a data structure. We transformed the EBNF 
notation (in Figure 4.9) into an XML schema to validate individual feature control frames. 
The advantages of using XML in this context includes: 
1. XML facilitates content-based retrieval. 
2. Parsers are available for validating XML documents (e.g., Xerces5). 
3. XML can be parsed as a hierarchical tree data structure. 
This implementation is applicable for all types of GD& T tolerances including 
composite tolerance representations for position and profile tolerances. The architecture of 
the system is shown in Figure 4.9. The specific sub-systems are discussed in the following 
sections. 
5 http://xml.apache.org/ 
GD&T Syntax 
XML Doc 
Syntax 
Validation 
Results 
Solid 
Model 
XML 
GD&T 
Schema 
& 
Rules 
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1 Tolerance Extractor (Solid Modeler API) 
2 Datum Extractor (Solid Modeler API) 
3 XML Parser 
4 Hash map generator 
5 Top-down parser 
Datum Graph 
Datum Relation 
Hash map 
Datum 
Validation 
Results 
Figure 4.9 System Architecture 
4.4.1 GD&T Schema and Rules Repository 
The XML schema for GD&T syntax and the XML datum rule repository are the formal 
models of GD&T. The EBNF notation for GD&T syntax was used to define an XML 
schema. A portion of the XML schema corresponding to flatness tolerance and an example 
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of a XML document derived from a part model is given in Figure 4.10. The XML schema 
shown in Figure 4.10 (a) is a direct adaptation from the EBNF for syntax representation 
shown in Figure 4.2. The schema contains definition for all the entities, terminal strings and 
the production rules for the EBNF. Also restrictions such as number of permissible entities in 
a production rule and the feasible values for the terminal strings are defined. For the example 
shown in the figure, the value of the tolerance is defined using the XML element 
"decimalValue" which allows only positive real numbers as value and restricts the 
occurrence of this entity in the production rule to one. Similarly, the last element definition 
for the "feature-control-frame" specifies that for tolerance representations for circularity, 
flatness and cylindrical ("CIIFLICY") there should not be a datum reference. Thus for any of 
these three tolerances, validating XML documents having a datum reference in the definition 
of "feature-control-frame" will be generate a syntax error. The syntax token generated by the 
tolerance extraction module is converted into an XML document. A sample of such XML 
document showing a flatness tolerance with a value of 0.005 is shown in Figure 4.10 (b). The 
full schema representation for all tolerance cases is given in Appendix D. 
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<?xml version="l.O"?> 
<xsd:schema 
xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<xsd:simpleType name="decimalValue"> 
<xsd: restriction base= "xsd :decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd : restriction> 
</xsd:simpleType> 
<xsd:element name="symbol"> 
<xsd :simpleType> 
<xsd: restriction base="xsd :string"> 
<xsd:pattern value="CIIFLICY"/> 
</xsd: restriction> 
</xsd:simpleType> 
</xsd: element> 
<xsd:element name="value" type="decimalValue"/> 
<xsd:element name="tolerance-info"> 
<xsd :complexType> 
<xsd:sequence> 
<xsd:element ref="value"/> 
</xsd :sequence> 
</xsd: complexType > 
</xsd: element> 
<xsd :element name="feature-control-frame"> 
<xsd: complexType > 
<xsd :sequence> 
<xsd:element ref="symbol"/> 
<xsd :element ref="tolerance- info"/> 
</xsd:sequence> 
</xsd :complexType> 
</xsd: element> 
</xsd: schema> 
<?xml version="l.O"?> 
(a) 
<feature-control-frame xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
xsi: noNamespaceSchemalocation= "bnf.xsd"> 
<symbol>FL</symbol> 
<tolerance- info> 
<value>0.005</value> 
</tolerance- info> 
</feature-control-frame> 
(b) 
Figure 4.10: (a) XML schema for EBNF notation (b) XML document for flatness tolerance 
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This repository also contains the semantic rules for datum validation. A portion of the 
geometric relations required for a valid datum reference frame for a combination of a line 
plane and point as primary secondary and tertiary datum respectively is given in Figure 4.11. 
The structure of this XML document is governed by the schema for datum validation (see 
Appendix E) developed from the EBNF shown in Figure 4.9. The elements of the XML 
document follow a hierarchical tree structure with the element "rule-number id" containing 
the geometric relations between the datum and the Boolean operator specifying the 
combination of the relations. The whole XML document used for parsing and extracting 
these semantic rules can be found in Appendix F. 
<?xml version=" 1.0"?> 
<datum-rule-engine xmlns:xsi="http://www. w3 .org/200 l /XMLSchema-instance"> 
<primary feature="line"> 
<secondary feature= "plane"> 
<tertiary feature = "point"> 
<rule-number id ="2.15"> 
<rule> 
<operator boolean=" ANO"> 
<relation>Ol PARA 02</relation> 
</operator> 
</rule> 
</rule-number> 
<rule-number id ="2 .16"> 
<rule> 
<operator boolean="NOT"> 
<relation> 03 CONT 01 </relation> 
</operator> 
<operator boolean=" ANO"> 
<relation>Ol PERP 02</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
</secondary> 
</primary> 
</datum-rule-engine> 
Figure 4.11 Sample set of geometric relations for Datum Semantics 
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In order to reduce the length of search path and the depth of the XML document when 
manipulated as a Document Object Model (DOM) tree, the Boolean rules in ASME Yl4.5M 
standards have been reduced to just AND and NOT operators using De Morgan's theorem 
(see Appendix C). 
4.4.2 Tolerance and Datum Information Extractor 
The system uses methods and functions provided by a solid modeler through the 
Application Program Interface (API) to extract information from a part model. The 
Information Extractor (a set of customized API methods) retrieves two sets of data about the 
3D part model, namely, all feature control frames and DRFs. A FCF is transformed into a 
sequence of syntax tokens using a standard delimiter for sending data in a logical sequence to 
the XML document creator. For each FCF, the features associated with its DRF are 
identified. These datum correspond to the nodes of a datum graph. An assessment of the 
datum feature type is performed to determine if datum support feature are needed. The 
adjacency matrix is determined for each DRF. 
4.4.3 Parsing Mechanism for Valid Syntax and Semantics 
Although the validation of syntax of GD&T and the semantics of associated DRF is 
based on XML schemas for rule descriptions, the validation methods are different. For 
syntax, an available XML validator (Xerces parser) was used for validating the XML 
documents. The benefit of using a schema representation is evident at this point as existing 
validating APis can be used. These validators parse an XML document representing a 
feature control frame and verify them against the rules defined in the schema. Every non-
45 
conformance to the schema is counted as an error and the number of errors generated per 
GD&T syntax is analysed for measuring the system performance. Details of the experiments 
conducted on the system is discussed in the next chapter. For datum validation, we use a hash 
table to store geometric relations derived from the datum graph and a top down parsing (LL 
parsing) method to check for the datum semantics. Hash table permits storing data in a "key-
value" format which means that for every data value stored in this structure must have a 
unique key. Unlike other data structures like stacks, queues and linked list which only permit 
sequential access to the elements, hast-table allows random access to the elements through 
internal traversing mechanism. Top-down parsing, a variant of depth first search using 
preorder traversal is a search algorithm that considers outgoing edges of a vertex before any 
neighbors of the vertex, that is, outgoing edges of the vertex's predecessor in the search. 
Extremes are searched first. This is easily implemented with recursion. For each case, we 
identify the rules in the grammar (giving us a start set), which in our case are the geometric 
relations and the operators that connect these relations. The input hash map with rules is 
compare to the start set till a match is found. The complexity of the parser algorithm given in 
Figure 4.9 will depend on the number of rules needed to define the valid DRF. The tree 
traversal path for a sample case is given in Figure 4.12. 
Primary Datum 
Secondary 
Datum 
Tertiary 
Datum 
Rules 
Boolean 
Operators 
Geometric 
Relations 
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Figure 4.12 DOM tree traversal paths for Datum Validation 
The system evaluation and model verification has been performed using multi-stage 
sampling for different variable of the feature control frame. Details of the experimentation 
and results are discussed in the next chapter. 
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CHAPTER 5. EXPERIMENTATION AND RESULTS 
This chapter discusses the studies done to assess the robustness of the validation 
modules. 
5.1 Syntax Validation Experiments 
Given the large number of possible combinations for GD&T specifications, it was not 
possible perform and evaluate all enumerations. A Monte Carlo simulation approach was 
used in conjunction with random sampling. The following sections provide detail discussions 
on the experimental setup and the results. 
5.1.1 Variables and Sampling Technique 
The elements of the feature control frame (FCF) that were variables for this experiment 
are shown in Figure 5. 1. The figure shows the FCF for a position tolerance, which can be 
considered a super-set of all GD&T specifications from a syntax perspective. One of the 
elements omitted from this set of variables is "other-modifiers" since its presence or absence 
has no effect on the syntactic correctness of a specification. A "success event" for a GD&T 
specification is defined as output from the validation module with zero errors detected. A 
"failure event" occurs when the validation module finds one or more errors in a specification. 
The goal of this experiment is to assess the accuracy of the validation process. 
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0 0.05@ 
DI x D; 
Figure 5 .1: Variables used for experimentation of syntax validation module 
Nomenclature for variables: 
GDi -
DI -
x -
Di -
Mi 
DRFi = 
Geometric Design and Tolerance symbol in a tolerance specification 
Diameter symbol in a tolerance specification 
Value of geometric tolerance 
Datum reference 
Material condition variable 
Datum reference frame; set of one, two or three DiMi 
where 'k' = 1, 2, 3, ..... 14; and each GDk represents one of the 14 GD&T classes 
And 'i' = 0, 1, 2, 3 representing the number of material condition symbol or number of 
datum in a feature control frame. 
One of the problems of uniform random sampling is the coverage of the sample space. 
The sample selected is widely scattered which in tum will give very low probability of 
success in this case. Hence a multistage random sampling is used for the different variables 
in a feature control frame. Assuming that an apriori distribution of the type of error due to a 
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designer can be approximated by a uniform distribution, low probabilities can be assigned for 
less likely errors. Figure 5.2 shows the variables, their possible values and a set of 
probabilities assigned to the occurrence of each feasible value. These values were selected 
based on a qualitative assessment of the likelihood of each error. Historical data could be 
used to estimate these probabilities if GD&T errors (and their corrections) were logged in a 
design environment. However, this type of data is typically not explicitly recorded during a 
design process. 
5.1.2 Generating Uniform Psuedo-Random Numbers 
The Linear Congruential Generator (LCG) is an accepted method for generating 
pseudo-random numbers for this experiment (Le'cuyer, 1999). LCG produces a sequence of 
integers Z 1, Z2, •• , Zn between 0 and m-1 according to the following relationship: 
where, 
Z;+J = (aZ; + c )mod m, 
Zo = 2 
a = 884 
c = O 
m = 8191 
The above selection is for a cycle length of 10,000, the maximum number of samples tested 
in this experiment. Choosing c as zero enables a period of m-1 and ensures that the 
generation process is fast (Le' cuyer, 1998, 1999) 
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The sample GD&T specification tokens generated using the above setup are validated 
against the proposed framework and results tabulated in a graphical form. Table 5.1 shows 
some sample GD&T specification tokens. 
Table 5.1 Sample GD&T specification tokens 
GDT#1 <GTOL-POSl>; ,0.827,<MOD-MMC>; ,;H,;,<MOD-MMC> 
GDT#2 <GTOL-SRUN>; ,0.547,<MOD-MMC>;,;123456,<MOD-LMC>;,<MOD-LMC> 
GDT#3 <GTOL-LPROF>;,0.947,<MOD-FMC>;K,<MOD-MMC>;A,;, 
GDT#4 <GTOL-LPROF>; ,0.326, <MOD-LMC>;M, <MOD-MMC>;Q,;, <MOD-MMC> 
GDT#5 <GTOL-CI RC>; DI, 0.693, <MOD-MMC>;, ;Q, <MOD-LMC>;, <MOD-MMC> 
GDT#6 <GTOL-POSl>;Dl,0.847, ;T, ;E,;,<MOD-LMC> 
GDT#7 <GTOL-POSl>;Dl,0.326,<MOD-MMC>;L, ;,<MOD-FMC>;I, 
GDT#8 <GTOL-CONC>;,0.725, ;,; ,<MOD-LMC>;N, 
GDT#9 <GTOL-CONC>;,0.700,;, <MOD-LMC>;S,; K, 
GDT#10 <GTOL-STRAIGHT>;Dl ,0.739,<MOD-FMC>;D,<MOD-FMC>;,; , 
GDT#11 <GTOL-STRAIGHT>;,0.718, <MOD-FMC>;T, <MOD-MMC>;S, <MOD-LMC>;, <MOD-MMC> 
GDT#12 <GTOL-SPROF>;, 0.903, ;E,<MOD-LMC>;,;, <MOD-MMC> 
GDT#13 <GTOL-SPROF>;Dl,0.0632, <MOD-MMC>;E, <MOD-LMC>;M, <MOD-MMC>; I, <MOD-MMC> 
GDT#14 <GTOL-PARA>;Dl ,0.137,;A,<MOD-MMC>;W, ;, 
GDT#15 <GTOL-SYMMETRY>; ,0.841, ; E, <MOD-MMC>; , <MOD-LMC>;, 
5.1.3 Syntax Validation Results 
Several data sets for feature control frames were generated using this procedure. Figure 
5.3 presents the results for a sample size of 1000. Due to the high variability in selection of 
variables, the results show that only 67 randomly generated GD&T syntax were classified as 
correct with zero errors. As expected based on the probabilities, most of the samples have 1 
to 3 syntax errors. When inspected manually, the Type I and II error was found to be zero, 
indicating a robust model. Similar experiments were run for different sample sizes and the 
results tabulated to investigate the trend, if any for the probability of successfully validating 
the GD&T specifications. As evident from Figure 5.4 and 5.5, the validation results vary 
significantly for small sample sizes but stabilize at around 0.07 for large samples. 
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Validation Results (n= 1000) 
- -
----+--+-------
- -
• ••• ...... ••• • • .......... 
- - -
- --
• No of Errors 
- -
-
~ - -
- - -
- -
- ·- - - -
200 400 600 800 1000 
Sample 
Figure 5.3 Experimental validation results for 1000 samples 
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Validation Results (n=SOO) 
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Figure 5.5 Experimental validation results for 10 sets of 500 samples and variations from 
average 
To verify the results generated by the syntax validation module, we run a set of 
experiments for a fixed GD&T class. The positional tolerance was chosen to demonstrate this 
because all the other tolerance classes are sub-sets of positional tolerance in terms of their 
syntax. Also the experimental setup described in section 5.1.1 gives maximum variability to 
positional tolerance (it uses maximum number of variables to define the syntax) making it the 
most susceptible to inconsistent outcomes. In order to compare the simulated results with the 
expected results, the probability of generating a positional GD&T specification without any 
syntax error was calculated using the probability distributions in section 5.1.1. The remaining 
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part of this sub-section describes the procedure in calculating the expected value of 
generating a positional GD&T syntax with zero syntactic error. 
Figure 5.6 describes various sub-sets of the GD&T syntax, which need to be 
syntactically correct so that the whole feature control frame has zero syntax errors. The 
variable used are the same as described in the experimental setup. 
Positional GD&T with zero syntax error 
Symbol Correct Tolerance Info Correct ORF 
/ / 
-$- 0 o.os@ D1@ D2@ 03@ 
Figure 5.6 Subsets and descriptions for a valid GD&T 
Zero Error = a case with valid GD&T syntax for positional tolerance 
Symbol = generating a positional tolerance symbol 
Correct DRF = syntactically correct DRF specification positional tolerance 
Correct Tolerance Information = syntactically correct tolerance information specification 
positional tolerance. 
Since the events are independent of each other, probability for zero error can be given as: 
P(Zero Error)= P(Symbol) x P( Correct Tolerance Information) x P(Correct DRF) 
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Where: 
P(Symbol) = P(GD1) = 1 smce we generate only positional tolerance tokens 
P(Correct Tolerance Information)= P(DI) x [P(X)x P(M/ X) + P(X) x P(M/ X)] 
P(DI) = 0.5 
P(U) = P(Material condition present and valid) = 0.5 x 0.99 = 0.495 
P(M;) = P(Material condition absent)= 0.5 
P(X) = P(Value present and valid) = 0.99 
:. P( Correct Tolerance Information)= P(DI) x [0.99 x 0.495 + 0.99 x 0.5 ]= 0.492 
P(Correct DRF) = P(Valid combinations of D; & Mi) 
P(Valid D;) = P(D; present & valid)= 0.5 x 0.99 = 0.495 
Table 5.2 shows all combinations of valid Di and Mi that make a valid DRF for positional 
tolerance. Since each case is mutually exclusive the sum total of probabilities will give the 
probability for a correct DRF. 
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Table 5.2 Probabilities for Correct DRF 
Case Valid syntax P (Valid syntax) Probability 
# forDRF value 
1 D1M1;D2M2; P(D1) x P(M1/ D1) x P(D2/ D1M1) x P(M2/ D1M1D2) x 0.01471 
D3M3 P(D3/ D1M1D2M2) x P(MJj D1M1D2M2D3) 
2 D1M1; D2M2; P(D1) x P(M1/ D1) x P(D2/ D1M1) x P(M2/ D1M1D2) x 0.01486 
D3 P(D3/ D1M1D2M2) x P(M3/ D1M1D2M2D3) 
3 D1M1; D2M2; P(D1) x P(M1/ Di) x P(D2/ D1M1) x P(Mij D1M1D2) x 0.015 
P(D3/ D1MiD2M2) x P(M3/ DiM1D2M2D3) 
4 D1M1;D2; P(Di) x P(Mi/ Di) x P(D2/ D1M1) x P(M2/ DiM1D2) x 0.01486 
D3M3 P(D3/ D1MiD2M2) x P(M3/ DiMiD2M2D3) 
5 D1M1; D2; D3 P(D1) x P(Mi/ Di) x P(D2/ D1Mi) x P(M2/ D1M1D2) x 0.015 
P(D3/ D1M1D2M2) x P(M3/ D1M1D2M2D3) 
6 D1M1;D2; P(D1) x P(M1/ D1) x P(D2/ D1Mi) x P(M2/ D1M1D2) x 0.01516 
P(D3/ D1M1D2M2) x P(M3/ D1M1D2M2D3) 
7 D1M1;; P(D1) x P(M1/ D1) x P(D2/ D1M1) x P(M2/ D1M1D 2) x 0.01531 
P(D3/ D1M1D2M2) x P(M3/ D1MiD2M2D3) 
8 D1; D2M2; P(D1) x P(M1/ D1 ) x P(D2/ D1M1) x P(M2/ D1MiD2) x 0.01486 
D3M3 P(D3/ D1M1D2M2) x P(M3/ D1MiD2M2D3) 
9 D1; D2M2; D3 P(D1) x P(M1/ D1 ) x P(Dij D1M1) x P(M2/ DiM1D2) x 0.015 
P(D3/ D1M1D2M2) x P(M3/ D1M1D2M2D3) 
10 D1; D2M2 P(D1) x P(M1/ Di) x P(D2/ D1M1) x P(M2/ DiMiD2) x 0.01516 
P(D3/ DiMiD2M2) x P(MJj DiMiD2M2D3) 
11 D1; D2; D3M3 P(Di) x P(Mi/ Di) x P(Dij DiM1) x P(M2/ D1M1D2) x 0.015 
P(D3/ D1MiD2M 2) x P(M3/ DiM1D2M2D3) 
12 D1; D2; D3 P(Di) x P(Mi/ D1) x P(Dij DiMi) x P(M 2/ DiMiD2) x 0.01516 
P(D3/ DiMiD2M2) x P(M3/ D1MiD2M2D3) 
13 D1;D2; P(Di) x P(Mi/ Di) x P(D2/ DiMi) x P(M2/ D1MiD2) x 0.01531 
P(D3/ D1M1D2M2) x P(M3/ D1MiD2M2D3) 
14 D1;; P(Di) x P(Mi/ Di) x P(Dij D1Mi) x P(M2/ DiM1D 2) x 0.01546 
P(D3/ D1M1D2M 2) x P(M3/ D1M1D2M 2D3) 
=> P(Correct DRF) = 0.21085 
:. P(Zero Error)= 1x0.492 x 0.21085 = 0.1037 
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The experiments were executed on samples having only positional tolerance tokens and the 
results plotted to investigate the deviation from the calculated value. 
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Figure 5.7 Experimental validation results for 20 sets of 500 samples for positional tolerance 
and comparison with expected probability value 
The experimental values as plotted in Figure 5. 7 are close to the expected value of 
0.1037. For the sample of 500 GD&T specifications there are some deviations from the 
expected value but an increase in sample size (Figure 5.8) shows that the results obtained in 
the experiment are very close to the expected value. Since the expected probability for a 
success event is same as the experimental value, it can be concluded that the syntax 
validation module performs as expected. 
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Combined Validation Results 
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Figure 5.8 Experimental validation results for positional tolerance for different sample size 
5.2 Datum Validation Experiments 
The datum validation experiment was performed in a similar manner Randomly 
generated adjacency matrices for distance and angles as well as randomly generated feature 
type were used and then validated against the rules in the schema repository. The purpose of 
the experiment is to assess the consistency of the system in detecting semantic errors. The 
accepted outcome should be the same percentage of semantic error cases for all sample sizes. 
The variables for datum features and distance and angle adjacency matrices and the 
probabilities associated with them for these experiments are shown in Figure 5.9. 
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Figure 5.9 Variables for experimentation for datum validation 
Another goal of the experiment, typically for smaller sample sizes is to determine Type 
I and Type II errors for the results from the datum validation module. Different sample size 
ranging from 10 to 200 gave zero Type I and Type II errors. A choice of different sets of 
sample cases also enables us to measure the consistency of the results. Since we are not able 
to compare the percentage of errors cases identified with a theoretically calculated 
probability of errors cases, we need to verify that all sample size give identical results. A 
larger sample size was not attempted due to the time required to manually checking each 
sample case to ascertain for the Type I and II errors. For a similar experiment covering 75 
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sample sizes in the interval of 10 to 10000 it was found that the percentage of correct datum 
specification classified by the module is in the range of 0.4 to 0.56 with a mean of 0.48. The 
results of the experiment are shown in Figure 5.10. There are some fluctuations from the 
mean for smaller sample size, which is due to the high variability of the selection of 
variables. However, the trend is seen to be stabilizing around 0.48 with increase in sample 
size. Although no comparisons with theoretical values have been made, a low variance in 
results prove that the system is consistent. 
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Figure 5.10 Experimental results for semantic validation of datum specifications 
61 
CHAPTER 6. CONCLUSIONS 
5.1 Summary 
The goal of this research is to investigate the syntactic and semantic errors m 
Geometric Design and Tolerance (GD&T) specifications. A schema-based system has been 
devised to detect syntax errors in GD&T specifications and semantic errors for datum 
validation. Though the interface implemented using API has been done for Solidworks, the 
concept can easily be extended to other solid modelers or B-Rep data structures having 
tolerance information. The system uses ASME Yl 4.5 - 1994 standards to validate individual 
GD&T specifications. Use of XML for representing the grammar of the ASME GD&T 
standard reduces the complexity of the validation method. The methodology can adapt to 
changes in the standards and can be remodeled for ISO standards as well. 
A new concept of deriving geometrical relations between solid features for purpose of 
datum validation has been introduced. This simplifies the task for assessing the correctness of 
a datum reference frame within a feature control frame. The system uses a graph structure 
representation of related datums within a datum reference frame. Another concept of using an 
XML repository for storing standard datum rules has been established. Utilizing the XML 
repository as a Document Object Model enables a depth first parsing of the document 
treating it as a B-tree data structure. This not only makes the validation process faster but 
also provides opportunity for broadening the scope of using XML as a repository for product 
data standards. 
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5.2 Research Contributions 
The key research contributions can be summarized as follows: 
1. The first contribution of this research is demonstrating the feasibility of using 
Extended Backus Naur Form for representing GD&T syntax as a free-form 
grammar. 
2. The second contribution of this research is the development of a XML schema 
based prototype for GD&T syntax validation. 
3. The third contribution of this research is illustrating the use of graph structures and 
XML repository for datum semantic validation. 
The system developed has been tested using simulation-based experiments. The results 
show a consistency between the simulation output and the expected values calculated 
manually. Absence of Type I and Type II errors on inspection by an expert statistically 
proved the robustness of the system. 
5.3 Limitations 
There are certain issues, which have not been addressed in the research. Primary among 
them is the effect of the orientation and properties of the toleranced feature on the GD&T 
specification. Also some classes of tolerances require additional information to resolve 
semantic ambiguities. For example the straightness tolerance specification for a surface 
requires a direction for the tolerance. Since the proposed system operates purely on the 
tolerance syntax and datum geometry, it is unable to classify such semantic errors. Other 
issues such as interactions between parts in an assembly, the interaction of conflicting 
tolerances on the same part and refining tolerances have not been considered. 
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5.4 Future Work 
Future work would include inspecting the semantics of GD&T specifications in greater 
detail. Though the proposed system considers semantics of datum reference and material 
conditions in a feature control frame, other semantic ambiguities could exist. This research 
presents validation techniques for individual GD&T specifications. A global tolerance model, 
which encompasses all tolerance specifications in a particular part model and an entire 
assembly, would address other possible semantics problems. Such a system can use the 
proposed schema for validation and a directed graph based on the datum graph concept to 
define interaction between all entities. 
A GD&T advisor can also be implemented using the results of this research. Since the 
system is based on a platform-independent technology, it can be interfaced with any solid 
modeling software to provide a real time validation. The benefit of implementing this idea 
will be to intimate the designer as soon as he deviates from standards while allocating 
tolerances. 
5.5 Conclusions 
The research results corroborate our hypothesis that given a set of tolerance 
specifications, we can classify the semantic and syntactic errors based on a set of standards. 
The inference drawn regarding assessing the performance of the system based on number of 
errors also holds support in the research results. 
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APPENDIX A. Geometric Tolerance Symbols and Lexicons 
Table Al Symbols for GD&T classes 
Type of Tolerance Characteristics Symbol 
STRAIGHTNESS 
-
FLATNESS CJ FORM CIRCULARITY 0 
CYLINDRICITY /:j 
PROFILE OF A LINE (\ 
PROFILE PROFILE OF A 0 SURFACE 
ANGULARITY L 
ORIENT A TION P ARALLALISM II 
PERPENDICULARITY _l_ 
POSITION 
-$-
LOCATION CONCENTRICITY g 
SYMMETRY -
-
RUN OUT CIRCULAR RUNOUT / TOTAL RUNOUT u 
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Table A2 Lexicons used for syntax and semantic validations 
(a)Feature Type (b) Datum 
Type Lexicon Datum Lexicon 
LINE FL Line Line 
PLANE F p Point Point 
CYLINDER F CY Plane Plane 
CYLINDER AXIS F CYA 
SPHERICAL F SP 
TORUS FT 
CONE F CO 
CONE AXIS F COA 
FEATURE OF SIZE F SZ 
(c) Geometric Tolerance 
Lexicon for Solidworks Lexicon for Type of Tolerance Characteristics 2005 syntax 
schema 
STRAIGHTNESS <GTOL-STRAIGHT> ST 
FORM FLATNESS <GTOL-FLAT> FL CIRCULARITY <GTOL-CIRC> CI 
CYLINDRICITY <GTOL-CYL> CY 
PROFILE OF A LINE <GTOL-LPROF> PL 
PROFILE PROFILE OF A 
<GTOL-SPROF> PS SURFACE 
ANGULARITY <GTOL-ANGULAR> AN 
ORIENTATION P ARALLALISM <GTOL-PARA> PR 
PERPENDICULARITY <GTOL-PERP> pp 
POSITION <GTOL-POSI> PO 
LOCATION CONCENTRICITY <GTOL-CONC> co 
SYMMETRY <GTOL-SYMMETRY> SY 
RUN OUT CIRCULAR RUNOUT <GTOL-SRUN> CR TOTAL RUNOUT <GTOL-TRUN> TR 
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( d) Material and other modifiers 
Term Lexicon 
AT MMC MM 
ATLMC LM 
Projected Tolerance Zone PZ 
Free State FS 
Tangent Plane TP 
Statistical Tolerance ST 
Diameter D 
Spherical Diameter SD 
Radius R 
Spherical radius SR 
Controlled radius CR 
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APPENDIX B. EBNF notations for individual GD&T classes 
EBNF terminology 
::= meaning "is defined as" 
meaning "or" 
<> 
[ ] 
angle brackets used to surround category names. 
optional items 
* 
+ 
sequence of zero or more of an item 
one or more of an item 
exclusion of a terminal item in a string 
Generic EBNF for GD&T feature control frame 
<Feature-control-frame> ::= <Symbol> <Tolerance-info> [<Datum-reference>] 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
[<Other-modifier>] 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I 
<Datum>"-" <Datum> I <Datum-reference> 
<Symbol> : := "ST"I "FL"I "CI"I "CY"I "PL"I "PS"I "AN"I "PR"I "PP"I "PO"I "CO" 
I "SY"I "CR"I "TR" 
<Datum>::= "A" I "B" I . .. . ... . .. I "AA"l "AB"I ...... ~"I" I "0"1 "Q" 
<Material-condition-basis> : := "MM" I "LM" I "RF" 
<Diameter-modifier> ::="DI" I "SD" I "R" I "SR" I "CR" 
<Value>::= S {x Ix€ +R} 
<Other-modifier> ::= "PZ" I "FS" 1 "TP" I "ST" 
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Only those production rules, which have some alterations from the generic notation, 
have been described. The production rules ending in terminal expressions have been omitted 
from the syntax definition, as they remain unchanged for all GD&T classes. The symbol 
category has been replaced with the exact lexicon defined in Appendix A for clarity purpose. 
Also absence of a non-terminal category in a production rule symbolizes that its not required 
in the syntax of that rule. 
1. Form Tolerances: 
1.1 Straightness 
1-1'(!J(l,(l41f?YJ 
<Feature-control-frame> ::= "ST" <Tolerance-info> 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
laJei.11 
1.2 Flatness 
<Feature-control-frame> ::= "FT" <Value> 
1.3 Circularity 
<Feature-control-frame> ::= "Cl" <Value> 
1.4 Cylindricity l/~jo.2 j 
<Feature-control-frame> ::= "CY" <Value> 
2. Profile Tolerance 
2.1 Profile of Line 
<Feature-control-frame> ::= "PL" <Value> [<Datum-reference>] 
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<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum> "-" <Datum> 
2.2 Profile of Surface k:ilo . .s j A !Tl 
<Feature-control-frame> ::= "PS" <Value> [<Datum-reference>] 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum> "-" <Datum> 
2.3 Composite Profile Tolerance 
<Feature-control-frame>::= <Symbol> <Tolerance-info> [<Datum-reference >] I 
<Feature-control-frame> 
<Tolerance-info> ::= <Value> 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
<Symbol> ::= "PL" f "PS" 
3. Orientation Tolerance 
3.1 Angularity 
<Feature-control-frame>::= "PL" <Tolerance-info> <Datum-reference> 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
<Datum-reference> : := <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
3.2 Parallelism l//l '1' 02«~)1 A.1 
<Feature-control-frame> ::= "PR" <Tolerance-info> <Datum-reference> 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
[<Other-Modifier>] 
<Datum-reference> : := <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
70 
3.2 Perpendicularity !Jlo.12 j .A I e. I 
<Feature-control-frame> ::="PP" <Tolerance-info> <Datum-reference> 
<Tolerance-info> : := [<Diameter-modifier>] <Value> [<Material-condition-basis>] 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
4. Runout Tolerances 
4.1 Circular Runout 
<Feature-control-frame> ::= "CR" <Value> <Datum-reference> 
<Datum-reference-frame> ::= <Datum> I (<Datum>"-" <Datum>) 
I VI o.3 jc-cl 
4.2 Total Runout 
<Feature-control-frame> ::= "TR" <Value> <Datum-reference> 
<Datum-reference-frame> ::= <Datum> I (<Datum>"-" <Datum>) 
5. Location Tolerances 
5.1 Positional Tolerance 
<Feature-control-frame> ::= "PO" <Tolerance-info> <Datum-reference> 
<Tolerance-info> ::= ["DI"] <Value> [<Material-condition-basis>] 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
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5.2 Composite Positional Tolerance 
<Feature-control-frame> ::= "PO" + (<Tolerance-info> [<Datum-reference>]) 
<Tolerance-info> ::= ["DI"] <Value> [<Material-condition-basis>] 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
5.3 Two Segment Feature control 
-¢ 0 0.81@ A. e. c 
...p 0 o .31@) A. e. 
<Feature-control-frame> ::= "PO" <Tolerance-info> <Datum-reference> I <Feature-
control-frame> 
<Tolerance-info> ::= ["DI"] <Value> [<Material-condition-basis>] 
<Datum-reference> : := <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
5.4 Concentricity 
<Feature-control-frame>::= "CO" <Value> <Datum-reference> 
<Datum-reference> ::= <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
5. 5 Symmetry 
<Feature-control-frame>::= "SY" <Value> <Datum-reference> 
<Datum-reference> : := <Datum> [ <Material-condition-basis> ] I <Datum-reference> 
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Appendix C. Semantics validation rules for combinations of datums 
Table Cl Point as primary datum 
Case Datums Restricted Invariants Validity Conditions 
D1 D2 D3 DOF 
1.1 Point - - [x, y, z] R -
1.2 Point Point - [x, y, z, a, Pz, Z, 'Yz 
-. (D1 = D2) ~] 
1.3 Point Point Point All All -. (D3 c {LI D1-D2}) A-. (D1 = D2) 
1.4 Point Point Line All All -. (D3 ={LI D1-D2}) A-, (D1 = D2) 
1.5 Point Point Plane All All -, (D3 l_ {LI D1-D2}) A-, (D1 = D2) 
1.6 Point Line - All All -. (D1 c D2) 
1.7 Point Line - [x, y, z, a, Pz, Z, 'Yz (D1 c D2) ~] 
1.8 Point Line Point All All (D1 c D2) A-.(D3 c D2) 
1.9 Point Line Line All All (D1 c D2) A -.(D2 = D3) 
1.10 Point Line Plane All All (D1 c D2) A-.(D21- D3) 
1.11 Point Plane - [x, y, z, a, Pz, Z, 'Yz 
-S] 
1.12 Point Plane Point All All -. (D3 c {LI D1: LI 1- D2}) 
1.13 Point Plane Line All All -, (D3 = {LI DI : LI J_ D2}) 
1.14 Point Plane Plane All All -. (D3 1- D2) 
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Table C2 Line as primary datum 
Case Datums Restricted Invariants Validity Conditions 
D1 D2 D3 DOF 
2.1 Line - - [x, y, a, Pz, 'Yz 
-Pl 
2.2 Line Point - All All 
--, (D2 c D1) 
2.3 Line Point - [x, y, z, a, Pz, Z, 'Yz (D2 c D1) p] 
2.4 Line Point Point All All (D2 c D1) /\--, (DJ c D1) 
2.5 Line Point Line All All (D2 c D1)A--, (DJ= D1) 
2.6 Line Line Plane All All (D2 c D1)/\--, (D1 l_ DJ) 
2.7 Line Line - All All --, (D1 = D2) A--, (D1 t D2) 
2.8 Line Line - [x, y, a, x, y, a, p, 
--, (D1 = D2)A (D1 t D2) p, 'Y] 'Y 
2.9 Line Line Point All All 
--, (D1 = D2) A (D1 t D2) 
2.10 Line Line Line All All 
--, (D1 = D2) A (D1 t D2) A--, (D1 t DJ) 
2.11 Line Line Plane All all 
--, (D1 = D2)A (D1 t D2) A-, (D1 t DJ) 
2.12 Line Plane - All All (D1LD2) 
2.13 Line Plane - [x, y, a, x, y, a, p, (D1!D2) p, 'Y] 'Y 
2.14 Line Plane - [x, y, z, a, Pz, Z, 'Yz (D1_l_D2) 
Pl 
2.15 Line Plane Point All All (D1!D2) 
2.16 Line Plane Point All All (D1_l_D2) A--, (DJ c D1) 
2.17 Line Plane Line All All (D1!D2) A--, (D1 t DJ) 
2.18 Line Plane Line All All (D1_l_D2) /\--, (D1 =DJ) 
2.19 Line Plane Plane All All (D1!D2) /\--, (D1 t DJ) 
2.20 Line Plane Plane All All (D1!D2)/\--, (D1LDJ) 
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Table C3 Plane as primary datum 
Case Datums Restricted Invariants Validity Conditions 
D1 D2 D3 DOF 
3.1 Plane - - [z, a, Pl z, Yz -
3.2 Plane Point - [x, y, z, a, Pz, Z, Yz 
-Pl 
3.3 Plane Point Point All All -, (D3 c {LI D2 : LI .l DI}) 
3.4 Plane Point Line All All -, (D3 = {LI D2 : LI .l DI}) 
3.5 Plane Point Plane All All 
-, (Di t D3) 
3.6 Plane Line - All All (D1LD2) 
3.7 Plane Line - [x, y, z, a, Pz. z, Yz (D1.lD2) 
Pl 
3.8 Plane Line - [y, z, a, y, za, p, (D1!D2) p, Yl y 
3.9 Plane Line Point All All (D1.lD2) A-. (D3 c D2) 
3.10 Plane Line Point All All (D1!D2) 
3.11 Plane Line Line All all (D1.lD2) A-, (D2 = D3) 
3.12 Plane Line Line All All (D1! D2) A-, (D2 t D3) 
3.13 Plane Line Plane All all (D1.lD2) A-, (D2 .l D3) 
3.14 Plane Line Plane All All (D1! D2) A-, (D2 t D3) 
3.15 Plane Plane - [y, z, a, y, za, p, 
-, (D1!D2) p, Yl . y 
3.16 Plane Plane Point All All 
-, (D1!D2) 
3.17 Plane Plane Line All All 
-, (D1!D2)A-. (C!{LI(AnB)}) 
3.18 Plane Plane Plane All All 
-. (D1!D2) A-. (C !{LI(A n B)}) 
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Appendix D. Schema representation of GD&T syntax 
The following XSD files serve as the schemas, which are invoked by the validation 
parser to check for syntax errors in the GD&T specifications. The controller of the module 
takes care to instantiate the respective schema depending upon the geometric symbol. 
<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!--defining decimal type--> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriction base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd: restriction> 
</xsd:simpleType> 
<!-- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="CllFLICY"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="value" type="decimalValue"/> 
<!- defination of complex type elements--> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="value"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D 1 Schema for Flatness, Circularity and Cylindricity tolerance 
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<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!-- defining ref type--> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriction base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd: restriction> 
</xsd:simpleType> 
<xsd:simpleType name="material-conditionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="LMIMMIRS"/> 
</xsd: restriction> 
</xsd:simpleType> 
<!-- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
<xsd: restriction base="xsd: string"> 
<xsd:pattern value="(ST)"/> 
</xsd: restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="diameter"> 
<xsd:simpleType> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="(DI)"/> 
</xsd : restriction> 
</xsd:simpleType> 
</xsd:element> 
<!-- defination of complex type elements --> 
<xsd:element name="value"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="decimalValue"> 
<xsd :attribute name="material-condition" type="material-condition Type"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="diameter" minOccurs="O" max0ccurs="1 "/> 
<xsd:element ref="value"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D2 Schema for Straightness tolerance 
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<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!-- defining ref type--> 
<xsd:simpleType name="decimalValue"> 
<xsd: restriction base="xsd :decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd:simpleType name="material-conditionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="LMIMMIRS"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd:simpleType name="datumType"> 
<xsd:restriction base="xsd :string"> 
<xsd:pattern value="\p{Lu}+"/> 
</xsd: restriction> 
</xsd:simpleType> 
<!- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="PLIPS"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="value" type="decimalValue"/> 
<!-- defination of complex type elements--> 
<xsd:element name="datum"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="datumType"> 
<xsd:attribute name="material-condition" type="material-conditionType"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="value" max0ccurs="1 "/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="datum-reference-frame"> 
<xsd:complexType mixed="true"> 
<xsd:sequence> 
<xsd:element ref="datum" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
<xsd:element ref="datum-reference-frame" minOccurs="O" max0ccurs="1"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D3 Schema for Profile Tolerances 
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<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3 .org/2001/XMLSchema"> 
<!--defining ref type--> 
<xsd:simpleType name="decimalValue"> 
<xsd :restriction base="xsd:decimal"> 
<xsd :minlnclusive fixed="true" value="O"/> 
</xsd:restriction> 
</xsd :simple Type> 
<xsd:simpleType name="material-conditionType"> 
<xsd :restriction base="xsd:string"> 
<xsd :pattern value="LMIMMJRS"/> 
</xsd :restriction> 
</xsd :simpleType> 
<xsd:simpleType name="datumType"> 
<xsd :restriction base="xsd :string"> 
<xsd:pattern value=''\p{Lu}+"/> 
</xsd:restriction> 
</xsd:simpleType> 
<!-- defination of simple type elements --> 
<xsd :element name="symbol"> 
<xsd :simpleType> 
<xsd :restriction base="xsd:string"> 
<xsd :pattern value="(AN)"/> 
</xsd : restriction> 
</xsd :simpleType> 
</xsd :element> 
<!-- defination of complex type elements --> 
<xsd :element name="value"> 
<xsd :complexType> 
<xsd :simpleContent> 
<xsd :extension base="decimalValue"> 
<xsd :attribute name="material-condition" type="material-conditionType"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd :complexType> 
</xsd:element> 
<xsd :element name="datum" type="datumType"/> 
<xsd :element name="tolerance-info"> 
<xsd :complexType> 
<xsd :sequence> 
<xsd :element ref="value" max0ccurs="1"/> 
</xsd:sequence> 
</xsd :complexType> 
</xsd :element> 
<xsd:element name="datum-reference-frame"> 
<xsd :complex Type mixed="true"> 
<xsd :sequence> 
<xsd :element ref="datum" min0ccurs="1 " max0ccurs="3"/> 
</xsd :sequence> 
</xsd :complexType> 
</xsd :element> 
<xsd:element name="feature-control-frame"> 
<xsd :complexType> 
<xsd:sequence> 
<xsd :element ref="symbol"/> 
<xsd :element ref="tolerance-info"/> 
<xsd :element ref="datum-reference-frame" minOccurs="O" max0ccurs="1 "/> 
</xsd :sequence> 
</xsd:complexType> 
</xsd :element> 
</xsd:schema> 
Figure D4 Schema for Angularity, Parallism, and Perpendicularity tolerance 
<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!- defining ref type--> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriction base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd: restriction> 
</xsd :simple Type> 
<xsd:simpleType name="material-condnionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="LMIMMIRS"/> 
</xsd: restriction> 
</xsd:simpleType> 
<xsd:simpleType name="datumType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="lp{Lu)+"/> 
</xsd:restriction> 
</xsd:simpleType> 
<!- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
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<xsd:restriction base="xsd:string"> 
<xsd:pattem value="(PO)"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="diameter"> 
<xsd:simpleType> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="(DI)"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<!-- defination of complex type elements -> 
<xsd:element name=''value"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="decimalValue"> 
<xsd:attribute name="material-condition" type="material-conditionType"/> 
</xsd :extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd :element> 
<xsd:element name="datum"> 
<xsd: complex Type> 
<xsd:simpleContent> 
<xsd:extension base="datumType"> 
<xsd:attribute name="material-condnion" type="material-condnionType"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name='1olerance-info"> 
<xsd:complexType> 
<xsd :sequence> 
<xsd:element ref="diameter" min0ccurs="1"/> 
<xsd:element ref="value"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd :element> 
<xsd:element name="datum-reference-frame"> 
<xsd:complexType mixed='1rue"> 
<xsd:sequence> 
<xsd:element ref="datum" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name='1eature-control-frame"> 
<xsd:complexType> 
<xsd :sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref='1olerance-info"/> 
<xsd:element ref="datum-reference-frame" minOccurs=" 1 "/> 
</xsd :sequence> 
</xsd:complexType> 
</xsd :element> 
</xsd:schema> 
Figure D7 Schema for Positional tolerance 
<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001 /XMLSchema"> 
<!-- defining ref type--> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriction base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd: simple Type name="material-conditionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="LMIMMIRS"/> 
</xsd: restriction> 
</xsd:simpleType> 
<xsd:simpleType name="datumType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="\p{Lu}+"/> 
</xsd:restriction> 
</xsd:simpleType> 
<!-- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
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<xsd:restriction base="xsd:string"> 
<xsd:pattem value="(SY)"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="value" type="decimalValue"/> 
<!-- defination of complex type elements--> 
<xsd:element name="datum"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="datumType"> 
<xsd:attribute name=''material-condition" type="material-conditionType"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="value"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd: element name="datum-reference-frame"> 
<xsd:complexType mixed="true"> 
<xsd:sequence> 
<xsd:element ref="datum" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
<xsd:element ref="datum-reference-frame" minOccurs="O" max0ccurs="1"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D8 Schema for Symmetry tolerance 
<?xml version="1 .O"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!--defining ref type-> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriction base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd:simpleType name="material-conditionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="LMIMMIRS"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd:simpleType name="datumType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="\p{Lu)+"/> 
</xsd:restriction> 
</xsd:simpleType> 
<!- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
81 
<xsd:restriction base="xsd:string"> 
<xsd:pattem value="(CO}"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="diameter''> 
<xsd:simpleType> 
<xsd: restriction base="xsd: string"> 
<xsd:pattem value="(DI)"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="value" type="decimalValue"/> 
<!-- defination of complex type elements--> 
<xsd: element name="datum"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="datumType"> 
<xsd:attribute name=''material-condition" type=''material-conditionType''/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="diameter'' minOccurs="O" max0ccurs="1 "/> 
<xsd:element ref="value"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="datum-reference-frame"> 
<xsd:complexType mixed="true"> 
<xsd:sequence> 
<xsd:element ref="datum" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name=''feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
<xsd:element ref="datum-reference-frame" minOccurs="O" max0ccurs="1 "/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D9 Schema for Concentricity tolerance 
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<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 
<!--defining ref type-> 
<xsd:simpleType name="decimalValue"> 
<xsd:restriclion base="xsd:decimal"> 
<xsd:minlnclusive fixed="true" value="O"/> 
</xsd:restriction> 
</xsd:simpleType> 
<xsd:simpleType name="material-conditionType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="LMIMMIRS"/> 
</xsd:restriclion> 
</xsd:simpleType> 
<xsd:simpleType name="datumType"> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="\p{Lu}+J\p{Lu}+\-\p{Lu}+"/> 
</xsd:restriction> 
</xsd:simpleType> 
<!-- defination of simple type elements--> 
<xsd:element name="symbol"> 
<xsd:simpleType> 
<xsd:restriction base="xsd:string"> 
<xsd:pattern value="CRITR"/> 
</xsd:restriction> 
</xsd:simpleType> 
</xsd:element> 
<xsd:element name="value" type="decimalValue"/> 
<!-- defination of complex type elements--> 
<xsd:element name="datum"> 
<xsd:complexType> 
<xsd:simpleContent> 
<xsd:extension base="datumType"> 
<xsd:attribute name="material-condition" type="material-conditionType"/> 
</xsd:extension> 
</xsd:simpleContent> 
</xsd: complexType> 
</xsd:element> 
<xsd:element name="tolerance-info"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="value" max0ccurs="1 "/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="datum-reference-frame"> 
<xsd:complexType mixed="true"> 
<xsd:sequence> 
<xsd:element ref="datum" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name=''feature-control-frame"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="symbol"/> 
<xsd:element ref="tolerance-info"/> 
<xsd:element ref="datum-reference-frame" minOccurs="O" max0ccurs="1 "/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
</xsd:schema> 
Figure D 10 Schema for Runout tolerances 
83 
Appendix E. Schema for datum validation 
<?xml version="1 .0"?> 
<xsd:schema xmlns:xsd="http://www.w3.org/2001 /XMLSchema"> 
<!- defination of complex type elements-> 
<xsd:element name="relation" type="xsd:string"/> 
<xsd:element name="operator''> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="relation" min0ccurs="1 "/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="rule"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="operato( min0ccurs="1" max0ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="boolean" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="rule-number"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="rule" min0ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="id" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="tertiary"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="rule-number" min0ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="feature" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="secondry"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="tertiary" max0ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="feature" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="primary"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="secondry" max0 ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="feature" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="rule-number"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element name="primary" type="xsd:string" min0ccurs="1" max0ccurs="1"/> 
<xsd:element ref="rule" minOccurs="O" max0ccurs="1"/> 
</xsd:sequence> 
<xsd:attribute name="id" type="xsd:string"/> 
</xsd:complexType> 
</xsd:element> 
<xsd:element name="datum-rules"> 
<xsd:complexType> 
<xsd:sequence> 
<xsd:element ref="primary" min0ccurs="1" max0ccurs="3"/> 
</xsd:sequence> 
</xsd:complexType> 
</xsd :element> 
</xsd:schema 
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APPENDIX F. XML repository for datum validation 
The XML document below represents a DOM tree with depth of seven. Any parsmg 
algorithm used to traverse this tree will have a complexity of loge (7). Only the cases of line 
as primary datum have been shown due to space constrictions. 
<?xml version=" 1.0"?> 
<datum-rule-engine xmlns :xsi="http://www. w3. org/200 l /XMLSchema-instance"> 
<primary feature="point"> 
<secondry feature=""> 
<tertiary feature=""> 
<rule-number id =" 1.1 "> 
<rule> 
</rule> 
</rule-number> 
</tertiary> 
</secondry> 
<secondry feature = "point"> 
<tertiary feature = ""> 
<rule-number id=" 1.2"> 
<rule> 
<operator boolean="NOT"> 
<relation>Ol COIN 02</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "point"> 
<rule-number id =" 1.3 "> 
<rule> 
<operator boolean="NOT"> 
<relation>Ol COIN 02</relation> 
<relation>03 CONT 04</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "line"> 
<rule-number id ="1.4"> 
<rule> 
<operator boolean="NOT"> 
<relation>Ol COIN 02</relation> 
<relation>03 COIN 04</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "plane"> 
<rule-number id ="1.5"> 
<rule> 
<operator boolean="NOT"> 
<relation>Dl COIN 02</relation> 
<relation>D3 PERP D4</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
</secondry> 
<secondry feature = "line"> 
<tertiary feature = ""> 
<rule-number id =" 1.6"> 
<rule> 
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<operator boolean="NOT"> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "point"> 
<rule-number id=" 1.8"> 
<rule> 
<relation>DI CONT D2</relation> 
</operator> 
<operator boolean="NOT"> 
<relation>D3 CONT D2</relation> 
</operator> 
<operator boolean="AND"> 
<relation>DI CONT D2</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature= "line"> 
<rule-number id ="I . 9"> 
<rule> 
<operator boolean="NOT"> 
<relation>D2 COIN D3</relation> 
</operator> 
<operator boolean=" AND"> 
<relation>Dl CONT D2</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "plane"> 
<rule-number id ="I . IO"> 
<rule> 
<operator boolean="NOT"> 
<relation>D2 PERP D3</relation> 
</operator> 
<operator boolean="AND"> 
<relation>D I CONT D2</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
</secondry> 
<secondry feature = "plane"> 
<tertiary feature = '"'> 
<rule-number id ="I . I I"> 
<rule> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "point"> 
<rule-number id =" I . 12"> 
<rule> 
<operator boolean="NOT"> 
<relation>D3 CONT D4</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "line"> 
<rule-number id ="I . 13 "> 
<rule> 
<operator boolean="NOT"> 
<relation>D3 COIN D4</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
<tertiary feature = "plane"> 
<rule-number id ="I. I 4 "> 
<rule> 
<operator boolean="NOT"> 
<relation>D2 PARA D3</relation> 
</operator> 
</rule> 
</rule-number> 
</tertiary> 
</secondry> 
</primary> 
</datum-rule-engine> 
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APPENDIX G. Syntax validation experiments on some other GD&T 
classes 
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